Clostridium difficile has emerged as a leading cause of hospital-acquired enteric infections whose annual health care costs are rapidly escalating in the United States (33). The severity of C. difficile-associated infections ranges from mild diarrhea to life-threatening pseudomembranous colitis (2, 3). Several hospital outbreaks of C. difficile-associated diarrhea (CDAD) with high rates of morbidity and mortality in the past few years in North America have been attributed to the widespread use of broad-spectrum antibiotics. The emergence of more virulent C. difficile strains is also contributing to the increased incidence and severity of disease (38, 39).
Clostridium difficile has emerged as a leading cause of hospital-acquired enteric infections whose annual health care costs are rapidly escalating in the United States (33) . The severity of C. difficile-associated infections ranges from mild diarrhea to life-threatening pseudomembranous colitis (2, 3) . Several hospital outbreaks of C. difficile-associated diarrhea (CDAD) with high rates of morbidity and mortality in the past few years in North America have been attributed to the widespread use of broad-spectrum antibiotics. The emergence of more virulent C. difficile strains is also contributing to the increased incidence and severity of disease (38, 39) .
Toxin A (TcdA) and toxin B (TcdB) are the two major virulence factors in pathogenic C. difficile strains. These toxins are enterotoxic, induce intestinal epithelial cell damage, and disrupt epithelium tight junctions, leading to increased mucosal permeability (46, 51, 55) . Moreover, these toxins induce production of immune mediators, leading to subsequent neutrophil infiltration and severe colitis (28, 29) . TcdA and TcdB are structurally homologous and putatively contain an N-terminal glucosyltransferase domain, a cysteine proteinase domain, a transmembrane domain, and a C-terminal receptor binding domain (21, 65, 66) . Interaction between the C terminus and the host cell receptors is believed to initiate receptormediated endocytosis (11, 25, 63) . Although the intracellular mode of action remains unclear, it has been proposed that the toxins undergo a conformational change at low pH in the endosomal compartment, leading to membrane insertion and channel formation (12, 15, 17, 47) . A host cofactor is then required to trigger a second structural change, which is accompanied by immediate autocatalytic cleavage and release of the glucosyltransferase domain into the cytosol (44, 49, 52) . Once the glucosyltransferase domain reaches the cytosol, it inactivates proteins belonging to the Rho/Rac family, leading to alterations in the cytoskeleton and ultimately cell death (23, 57) .
The clinical manifestations of CDAD are highly variable and range from asymptomatic carriage to mild self-limiting diarrhea to the more severe disease pseudomembranous colitis. Systemic complications and death are increasingly common in CDAD patients (58) . In life-threatening cases of CDAD, systemic complications that include cardiopulmonary arrest (22) , acute respiratory distress syndrome (20) , multiple organ failure (9) , renal failure (6) , and liver damage (53) are observed. The exact reason for these complications is unclear, but the toxin's entry into the circulation and systemic dissemination have been suggested as possible causes (16) .
Protection against C. difficile appears to be conferred by antitoxin antibodies, which are present in the general population in individuals over 2 years of age; the levels of these antibodies are higher and relapse is less frequent in less severe cases (27, 30, 35, 62, 64) . Disease progression and recurrence seem to be associated with different subsets of antibodies in the circulation (26) , but the reason for this is unknown. In animal studies, neutralizing antibodies directed against TcdA inhibit fluid secretion in mouse intestinal loops and protect mice against systemic infection (5) . Coadministration of anti-TcdA and anti-TcdB antibodies significantly reduces the mortality in a primary hamster disease model, as well as in a less stringent relapse model (1) .
The mechanism of antibody-mediated protection is unclear, but it is likely that the cellular Fc receptors play some roles. Fc receptors for immunoglobulin G (IgG), which are called Fc gamma receptors (Fc␥Rs), are widely distributed on effector cells of the immune system (including macrophages, monocytes, neutrophils, and natural killer cells) and are essential for the recognition and elimination of IgG-opsonized pathogens and immune complexes. The Fc␥R family consists of at least one high-affinity receptor (Fc␥RI or CD64) and two low-affinity receptors (Fc␥RIIA or CD32 and Fc␥RIII or CD16). Ligation of these surface receptors with the Fc portion of IgG activates the cell signaling pathways and triggers various cellular responses, such as production of reactive oxygen species, antibody-dependent cellular cytotoxicity, and release of inflammatory cytokines (7, 48) .
In the course of characterizing a panel of anti-TcdA antibodies, we observed that one monoclonal antibody (MAb), MAb A1H3, greatly enhanced the killing of murine macrophages and human monocytes by TcdA. In addition, a TcdA-A1H3 immune complex was more potent than TcdA alone in inactivating Rho GTPase, disrupting the cytoskeleton, and inducing tumor necrosis factor alpha (TNF-␣) production. The molecular mechanism by which A1H3 exerts this effect was explored.
MATERIALS AND METHODS

Cells and toxins.
The murine macrophage cell line RAW 264.7, the human monocyte cell line THP1, and the Chinese hamster ovary cell line CHO were obtained from the American Type Culture Collection (Manassas, VA). A CHO cell line expressing the Fc␥RI alpha chain, mRG1-1, was kindly provided by Daniel Conrad (Virginia Commonwealth University) (4). Cells were maintained in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (Invitrogen), 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM L-glutamine, and 1 mM sodium pyruvate. Peritoneal exudate macrophages were isolated from C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) by peritoneal lavage 3 days after intraperitoneal injection of 1 ml sterile 3% thioglycolate broth. Cells were collected by washing the peritoneal cavity with 3 ml of sterile phosphate-buffered saline, and red blood cells were lysed with RBC lysis buffer (Sigma, St. Louis, MO). Cells were incubated for 2 h at 37°C to allow adherence of macrophages. Nonadherent cells were removed subsequently by washing. Native TcdA (nTcdA) was purified from culture supernatant of toxingenic C. difficile strain VPI 10463 (kindly provided by Abraham L. Sonenshein, Tufts University School of Medicine) as previously described (24, 32, 60) , with some modifications (67) . The nTcdA was used to generate anti-TcdA MAbs. Full-length recombinant TcdA (rTcdA) was purified from total crude extract of Bacillus megaterium as described previously (67) . The biological activity of rTcdA is essentially identical to that of nTcdA (67) . Highly purified rTcdA that appeared as a single band on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and was devoid of detectable Toll-like receptor 2 and Toll-like receptor 4 ligand activity as determined by bioassays was used in this study, unless otherwise specified.
Expression of rTcdA peptide fragments. Sequences encoding truncated TcdA fragments F3 (from amino acid 1185 to amino acid 1838) and F4 (from amino acid 1839 to the carboxyl terminus) were amplified with primers F3 forward (5Ј-GGTT GCTGGATCCATAAGAGATTTATACCCAGGTAAATTTTACTGGAGATTC TATGC) and F3 reverse (5Ј-CCATGCTGAGCTCGCATTATTTATATTGATTA ATCCTTTAACTAATTTACTATCTTCATCATAG) and primers F4 forward (5Ј-GGTTGCTGGATCCTCATTATTCTATTTTGATCCTATAGAATTTAACTTA GTAACTGGATGG) and F4 reverse (5Ј-CCATGCTGAGCTCGCGCCATATAT CCCAGGGGCTTTTACTCCATCAAC), respectively. A BamHI site was engineered in each forward primer, and a SacI site was engineered in each reverse primer, enabling directional cloning of the PCR products into a pET32a prokaryotic expression system (EMD Biosciences, Gibbstown, NJ). The vector adds a His 6 tag to the N terminus of the recombinant peptides, facilitating subsequent purification. Protein expression was induced with isopropyl-␤-D-thiogalactopyranoside (IPTG) at a concentration of 0.6 mM. Recombinant peptide fragments were purified on a nickel column (GE Healthscience, Waukesha, WI).
MAb generation. Murine hybridomas secreting anti-TcdA antibodies were generated using nTcdA as an immunogen as described elsewhere, with modifications (68) . The hybridoma supernatants were screened for antigen-binding capacity by performing an enzyme-linked immunosorbent assay (ELISA) using microplates coated with 0.5 g/ml of rTcdA. Positive hybridomas were selected and cloned. The isotype of MAbs was determined by ELISA. All antibodies were IgG isotypes, recognizing both nTcdA and rTcdA, and did not cross-react with TcdB. The reactivities of MAbs A1B1 (IgG1), A1E6 (IgG1), and A1H3 (IgG2a) were further mapped by Western blotting and ELISA using truncated TcdA peptide fragments. Mouse MAb JF1 (IgG2a; generated in our laboratory) against an irrelevant antigen was used as an isotype control.
Immunofluorescence staining. Subconfluent cells on coverslips were treated with TcdA alone or with TcdA in the presence of MAbs (1 g/ml) at 4°C or 37°C for 30 min. For F-actin staining, cells were incubated with toxins at 37°C for 2 h. The cells were fixed with 2% paraformaldehyde, which was followed by permeabilization in a permeabilizing buffer (phosphate-buffered saline with 1% bovine serum albumin and 0.1% Triton X-100). For F-actin staining, cells were incubated with 1 g/ml Alexa 568-phalloidin (Invitrogen) for 30 min at room temperature. For immunocomplex or toxin staining, cells were incubated with fluorochrome-conjugated anti-mouse IgG (BD Bioscience, San Jose, CA) or polyclonal rabbit anti-TcdA serum (generated in our laboratory), followed by fluorochrome-conjugated anti-rabbit IgG (BD Bioscience). Cells were counterstained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI), and images were obtained using a confocal microscope (Leica LSM TSC SP2 AOBS; Leica, San Francisco, CA). Surface binding of A1H3 to RAW 264.7 cells was examined by flow cytometry. RAW 264.7 cells were incubated with A1H3 alone or with a TcdA-A1H3 or TcdA-A1E6 immune complex on ice for 30 min, which was followed by phycoerythrin-conjugated anti-mouse IgG staining (BD Bioscience). Cells were subsequently analyzed with a FACSCalibur flow cytometer (BD Bioscience).
TNF-␣ production. RAW 264.7 cells were exposed to TcdA (50 ng/ml) or TcdA (0.4 ng/ml) with or without MAbs for 6 h. Brefeldin A (Sigma) at a concentration of 20 M was added to block cytokine secretion. Cells were collected and permeabilized (BD PhosFlow; BD Bioscience). TNF-␣ production was then determined by intracellular staining using an Alexa 647-conjugated anti-mouse TNF-␣ antibody (BD Bioscience). Ten thousand cells were collected for flow cytometry analysis. Lipopolysaccharide (LPS) (Escherichia coli 026 strain; Sigma) at a concentration of 1 g/ml was used as a positive control. In some experiments, cells were preincubated with pharmacologic agents known to inhibit endosome formation (chlorpromazine) or endosomal acidification (ammonium chloride and chloroquine) before addition of the TcdA-A1H3 immune complex.
Cytotoxicity assay. Subconfluent cells were seeded in a 96-well culture plate in 100 l of medium and exposed to TcdA with or without an MAb. A saturating dose of an MAb was used to form a TcdA-MAb immune complex before it was added to the cells. After 2 days of incubation, 10 l of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (5 mg/ml) was added to each well, and the plate was incubated at 37°C for 2 h. Formazan was solubilized with acidic isopropanol (0.4 N HCl in absolute isopropanol), and the absorbance at 570 nm was determined using a 96-well ELISA reader. Cell viability was expressed as a percentage that was determined by using the number of cells that survived divided by the number of cells in untreated control wells. A cytopathic change (cell rounding) was assessed using a phase-contrast microscope after 2 h of toxin treatment. The experiment was repeated three times, and triplicate wells were assessed for cytopathic changes in each experiment.
Immunodetection of Rac1. Protein lysates of cells treated with TcdA in the presence or absence of MAbs for 4 h at 37°C were separated on a 12% Trisglycine precast gel (Invitrogen) and transferred onto a nitrocellulose membrane. The membrane was probed with anti-Rac1 (MAb 102) (BD Bioscience) or anti-beta-actin antibodies (Sigma), followed by incubation with horseradish peroxidase-conjugated goat anti-mouse IgG (Southern Biotechnology Associates. Birmingham, AL). The protein bands were visualized using a chemiluminescent substrate (Pierce, Rockford, IL 
RESULTS
A1H3-dependent enhancement of cytotoxicity by TcdA on macrophages and monocytes. The anti-TcdA MAb A1H 3 recognized peptide fragment F4 (amino acid 1839 to the carboxyl terminus), whereas MAb A1E6 recognized both fragment F3 (amino acid 1185 to amino acid 1838) and fragment F4 (data not shown). We observed that A1H3 was able to enhance the cytotoxic effect of TcdA on murine macrophage RAW 264.7 and human monocyte THP1 cells. As shown in Fig. 1A , the TcdA-A1H3 immune complex was about 1,000 times more potent than TcdA alone in causing death of RAW 264.7 cells. While 100 ng/ml of TcdA was required to cause the death of approximately 40% of RAW 264.7 cells after 2 days of incubation, only 0.1 ng/ml of TcdA was needed to obtain the same effect in the presence of A1H3. The presence of other MAbs, such as A1E6 or JF1 (an irrelevant mouse IgG2a isotype MAb), did not affect the cytotoxicity of TcdA in RAW 264.7 cells. A1H3 itself did not affect cell viability (data not shown). A similar observation was made when we assessed the cytopathic effect (cell rounding) on RAW 264.7 cells (data not shown). Furthermore, A1H3 enhanced the cytotoxicity of TcdA in human monocyte THP1 cells (Fig. 1B) . Antibodydependent enhancement of cytotoxicity was not observed with intestinal epithelial cell lines, such as human HCT8 and HT29 cells or murine CT26 cells (data not shown).
Enhanced Rac1 glucosylation and cytoskeleton disruption by the TcdA-A1H3 immune complex. To examine whether A1H3 enhances the TcdA-induced glucosylation of the Rho GTPase Rac1, RAW 264.7 or THP1 cells were treated with low doses of TcdA with or without MAbs. Glucosylation of Rac1 was monitored by immunoblotting using anti-Rac1 (clone 102), which has a reduced affinity for the glucosylated target compared to the unmodified protein (13) . After 4 h of treatment, loss of the Rac1 band was observed in cells incubated with the TcdA-A1H3 immune complex at a dose of TcdA as low as 0.4 ng/ml for RAW 264.7 cells and 10 ng/ml for THP1 cells, while TcdA alone at concentrations of 0.4 ng/ml and 100 ng/ml did not glucosylate Rac1 in RAW 264.7 and THP1 cells, respectively ( Fig. 2A and 2C) . Moreover, glucosylation of Rac1 by TcdA in RAW 264.7 cells exhibited an A1H3 dose-dependent pattern. Complete loss of the Rac1 band was observed when 2,000 ng/ml of A1H3 was used to form a complex with TcdA ( Fig. 2A) . In light of this result, 2,000 ng/ml A1H3 was considered a saturating dose and used in our subsequent experiments, unless specified otherwise. The glucosylation of Rac1 occurred in a time-dependent manner, peaking between 4 and 8 h during treatment (Fig. 2B ). Other MAbs (MAbs JF1 and A1E6) did not enhance the TcdA-induced Rac1 glucosylation (Fig. 2B) . To further examine whether A1H3 can enhance the TcdA-induced glucosylation of the Rho GTPase Rac1 from primary murine macrophages, peritoneal exudate macrophages were treated with TcdA in the presence or absence of A1H3. The glucosylation of Rac1 by TcdA in the primary macrophages exhibited a dose-dependent pattern (Fig. 2D) . The presence of A1H3 significantly enhanced the TcdA-mediated glucosylation of Rac1 in these cells. While TcdA alone at a dose of 0.64 ng/ml failed to glucosylate Rac1, this dose in the presence of A1H3 resulted in a nearly complete loss of the Rac1 band (Fig. 2D) .
We next examined whether A1H3 could enhance the disruptive effects of TcdA on the actin cytoskeleton. Actin was labeled with Alexa 568-phalloidin, and images of cells were obtained using a confocal microscope. The control RAW 264.7 monolayer exhibited an organized F-actin architecture (Fig.  3A) . While exposure to TcdA at a concentration of 0.4 ng/ml (Fig. 3C) did not alter the intracellular actin architecture, disruption of the normal F-actin organization was clearly observed when TcdA (0.4 ng/ml) was complexed with A1H3 ( Fig.   FIG. 1 3D). The effect was comparable to that observed with cells treated with TcdA alone at a concentration of 50 ng/ml (Fig. 3B) . A1H3-mediated enhancement of TNF-␣ production. An important step in triggering the host immune response to C. difficile toxins is the release of inflammatory mediators, such as TNF-␣, interleukin-1␤, and interleukin-6, from macrophages and monocytes (10, 50) . We have found that the TcdA-induced TNF-␣ production in macrophages is dependent on the glucosyltransferase activity of the toxin (60a). We examined whether the presence of A1H3 enhanced the production of TNF-␣ in macrophages. A1H3 was found to enhance TcdAmediated TNF-␣ production in a dose-dependent manner in RAW 264.7 cells (Fig. 4A) . No enhancement was detected when TcdA was complexed with MAb A1E6 or JF1 (Fig. 4B) . A1H3 alone did not induce detectable TNF-␣ production (Fig.  4B) . Since A1H3 was the only IgG2a isotype anti-TcdA MAb, we examined another commercial IgG2a isotype anti-TcdA MAb, MAb PCG4.1; when complexed with TcdA, PCG4.1 also significantly enhanced the TcdA-induced production of TNF-␣ in RAW 264.7 cells (Fig. 4B) .
Role of Fc␥RI in antibody-dependent enhancement of toxin effects. Fc␥R, which specifically recognizes the Fc portion of IgG, consists of at least Fc␥RI (CD64), Fc␥RII (CD32), and Fc␥RIII (CD16). To test the hypothesis that the interaction between the Fc␥R and A1H3 is involved in the antibodydependent enhancement of toxin activity in macrophages, the Fc-binding sites on Fc␥RII and Fc␥RIII and those on Fc␥RI (Fig. 5A) . In contrast, a reduced level of Rac1 glucosylation was observed in THP1 cells treated with Fc␥RI-specific antibodies (anti-CD64), followed by incubation with the TcdA-A1H3 immune complex, compared with the results for untreated cultures (Fig. 5B) . Moreover, preincubation of the TcdA-A1H3 complex with recombinant mouse CD64 completely abrogated the glucosyltransferase activity mediated by TcdA-A1H3 (Fig. 5C ).
To further confirm that Fc␥RI was involved in the A1H3-dependent enhancement of the toxicity of TcdA, a murine Fc␥RI-expressing CHO cell line, mRG1-1, was used. CHO cells normally do not express Fc␥R and are relatively resistant to TcdA-mediated Rac1 glucosylation and cytotoxicity. While CHO and mRG1-1 cells responded similarly to a high dose of TcdA (500 ng/ml) in terms of Rac1 glucosylation, loss of the Rac1 band induced by TcdA at a concentration lower than 10 ng/ml was observed in mRG1-1 cells treated with the TcdA-A1H3 immune complex but not in CHO cells (Fig. 5D and 5E) . No difference in Rac1 glucosylation in CHO and mRG1-1 cells was observed when A1E6 was used to form a complex with TcdA ( Fig. 5D and 5E ). Furthermore, A1H3 greatly augmented the cytotoxic activity of TcdA in mRG1-1 cells. As shown in Fig. 5F , the presence of A1H3 did not affect killing of the wild-type CHO cells by TcdA. In contrast, expression of the Fc␥RI-␣ chain alone strikingly enhanced the sensitivity of mRG1-1 cells to the cytotoxic effect of TcdA when it was complexed with A1H3, compared to the cells treated with TcdA alone. mRG1-1 cells were more resistant to TcdA than CHO cells, since TcdA at a concentration of 10 ng/ml did not noticeably induce death of mRG1-1 cells (Fig. 5F) . A rabbit anti-TcdA serum completely blocked the cytotoxicity for mRG1-1 cells induced by the TcdA-A1H3 complex (Fig. 5F ), indicating that cell death was mediated by TcdA.
Enhanced surface binding of TcdA mediated by A1H3. TcdA is thought to bind to a specific cellular receptor(s), which mediates its cellular uptake through endocytosis (31, 42, 45) . Surface binding of TcdA-A1H3 to RAW 264.7 cells was examined using fluorochrome-conjugated anti-mouse IgG secondary antibodies. A significant shift in the mean fluorescence intensity occurred only in cells treated with the TcdA-A1H3 immune complex. In contrast, incubation with either A1H3 alone or TcdA-A1E6 did not result in a noticeable increase in fluorescence compared to the results for control cells (Fig. 6A) . The high-affinity binding of the TcdA-A1H3 immune complex to RAW 264.7 cells was further demonstrated by confocal microscopy. Strong signals were observed in cells incubated with TcdA-A1H3 at both 4°C (Fig.  6D) and 37°C (Fig. 6E) , temperatures that allow surface binding and subsequent internalization, respectively. No fluorescence was detected in cells incubated with A1H3 alone (Fig. 6B) or with TcdA-A1E6 (Fig. 6C) .
We assumed that A1H3 might act as a bridge, facilitating the recruitment of TcdA to the cell surface via Fc␥RI. We therefore incubated RAW 264.7 and mRG1-1 cells with TcdA in the presence or absence of A1H3. Cells were stained with rabbit anti-TcdA polyclonal antibodies, followed by an Alexa 488-conjugated anti-rabbit-IgG antibody, and visualized with a confocal microscope. A much brighter signal was observed in RAW 264.7 cells treated with TcdA in the presence of A1H3 (Fig. 7B) but not in RAW 264.7 cells incubated with TcdA alone (Fig. 7A) . Similar results were obtained for Fc␥RI-expressing mRG1-1 cells (Fig. 7C and 7D ). Our data suggested that the presence of A1H3 led to enhanced surface binding and internalization of TcdA, contributing to the A1H3-mediated enhancement of toxin activity.
Endocytosis of the TcdA-A1H3 immune complex. Macrophages internalize immune complexes by either endocytosis or phagocytosis. Soluble antigen-antibody immune complexes are most likely internalized via receptor-mediated endocytosis (43) . To dissect the molecular mechanisms underlying the Fc␥RI-mediated, A1H3-dependent enhancement of TcdA toxicity, we used a panel of reagents that target various stages of the endocytic pathway. Chlorpromazine specifically inhibits the clathrin-coated pit formation at the plasma membrane. Preincubation of RAW 264.7 cells with chlorpromazine reduced the level of Rac1 glucosylation by the TcdA-A1H3 immune complex (Fig. 8A) . Ammonium chloride and chloroquine, which prevent endosomal acidification, decreased the glucosytransferase activity of TcdA-A1H3 (Fig. 8A) , supporting the conclusion that internalization of the TcdA-A1H3 immune complex was mediated via receptor-mediated endocytosis.
One of the TcdA-mediated effects on macrophages is the production of TNF-␣. As expected, chlorpromazine and chloroquine completely abolished TNF-␣ synthesis elicited by the TcdA-A1H3 immune complex in RAW 264.7 cells (Fig. 8B) . While ammonium chloride did not induce TNF-␣ production or affect the cytokine response elicited by LPS, the presence of ammonium chloride at a concentration of 20 mM completely blocked TcdA-A1H3 complex-induced cytokine secretion (Fig.  8C) . The inhibitory effects of these agents on the TNF-␣ production elicited by TcdA-A1H3, but not on the TNF-␣ production elicited by LPS, further support the view that TcdA-A1H3 enters cells via receptor-mediated endocytosis.
DISCUSSION
We report here that an anti-TcdA MAb, A1H3, enhances TcdA-mediated cellular effects in murine macrophages and human monocytes. The observed effects included (i) inducing cell rounding and death, (ii) inactivating a small Rho GTPase via glucosylation, and (iii) eliciting TNF-␣ production in macrophages. Antibody-dependent enhanced cytotoxic activity of TcdA was not observed in other cell types, including human intestinal epithelial HCT8 or HT29 cells or murine colonic CT26 cells (data not shown). The Fc␥R family consists of at least three members, Fc␥RI, Fc␥RII, and Fc␥RIII (48) . Murine Fc␥RI has a higher affinity for IgG2a than for other IgG subisotypes (14) . Although Fc␥RI is a high-affinity receptor capable of binding an IgG monomer, noticeable surface binding of A1H3 to RAW 264.7 cells occurred only when it was complexed with TcdA (Fig. 6A,  D , and E). This may be due to the relative low expression of Fc␥RI on these cells (data not shown). In fact, monomeric A1H3 binding was detected on mRG1-1 cells (data not shown), which were engineered to express a high level of Fc␥RI (4). However, the binding of TcdA with Fc␥RI was significantly enhanced after its association with the A1H3 antigen ( Fig. 7B and D) compared with the results for cells treated with TcdA alone (Fig. 7A and C) , indicating that the presence of A1H3 facilitated recruitment of TcdA to the cell surface, which con- (40) . Upon binding to Fc␥Rs, the immune complexes are internalized via either phagocytosis or endocytosis. The mode of internalization is intimately linked to the size of the bound complexes (7, 41) . Large opsonized particles are internalized by phagocytosis, while internalization of small soluble complexes most likely occurs via endocytosis. Mechanistically, the molecular processes underlying the Fc␥R-mediated phagocytosis and endocytosis differ dramatically. Endocytosis specifically requires assembly of clathrin at the site of receptor clustering (41) . Fc␥RI-mediated phagocytosis, however, requires a signal-transducing ␥ chain that harbors tyrosine activation motifs (8, 19) . Cells expressing the Fc␥RI extracellular domain (in the absence of the ␥ subunit) are unable to phagocytose large particles, while their endocytic functions remain intact (8) . In our experiments, enhancement of TcdA activity mediated by A1H3 did not require the presence of the ␥ chain, since expression of the Fc␥RI ␣ chain alone on mRG1-1 cells rendered the cells more susceptible to A1H3-dependent enhancement of the toxicity of TcdA (Fig. 5E and F) , suggesting that the TcdA-A1H3 complex was taken up via Fc␥RI-mediated endocytosis. The involvement of an endocytic pathway in the uptake of TcdA-A1H3 by RAW 264.7 cells was further supported by the observation that TcdA-A1H3-mediated Rac1 glucosylation and TNF-␣ production were inhibited by chlorpromazine and ammonium chloride-chloroquine (Fig. 8A, B , and C), chemicals that are known to target the endocytic pathway.
Our findings may have implications for understanding the antibody response in host protection and pathogenesis of C. difficile-associated diseases. TcdA and TcdB are key virulence factors, and antibodies against these two toxins are highly protective (5, 34) . Intravenous administration of Ig against TcdA and TcdB to patients with recurrent or severe CDAD resulted in resolution of symptoms (37) . A higher level of anti-TcdA antibodies following colonization or primary disease has been correlated with protection from CDAD or relapse (34, 35) . Finally, vaccination of long-term relapsing humans with toxoids A and B has successfully prevented additional relapses (59) . However, different subsets of antibodies may have different roles in host protection and disease progression (26) . While patients with recurrent CDAD do not show evidence of overall humoral immune deficiency, they do have a selectively reduced IgG2 and IgG3 response against TcdA compared to patients with single CDAD (26) . Our data showed that the IgG2a subisotype of anti-TcdA actually enhanced the toxicity of TcdA on macrophages/monocytes in vitro. How these findings apply to in vivo pathogenesis of C. difficile infection remains to be determined. Antibody-dependent enhancement of viral infection has been widely described for mammalian viruses, as well as bacteriophages (36, 54, 56) . Instead of neutralizing or reducing viral infectivity, the presence of virusspecific antibodies paradoxically potentiates infection of susceptible host cells, a process that is most often mediated by receptors for complement components or the Fc portion of Igs (18, 36, 54, 61) . To date, no report has documented the enhancement of toxin activity in vivo by specific subsets of antibodies. Given the results of this report and a previous study (40) using in vitro cell culture models, it is likely that some toxin-specific antibodies have detrimental effects on the host mediated by enhanced toxin activity. Such effects, which have not been illustrated in humans or in animal models yet, are being investigated in our laboratory.
